Using first-principles calculations, we systematically study the dissociation of O 2 molecules on different ultrathin Pb(111) films. Based on our previous work revealing the molecular adsorption precursor states for O 2 , we further explore that why there are two nearly degenerate adsorption states on Pb(111) ultrathin films, but no precursor adsorption states exist at all on the Mg (0001) and Al(111) surfaces. And the reason is concluded to be the different surface electronic structures.
I. INTRODUCTION
The adsorption and dissociation of O 2 molecules on metal surfaces are of great importance to the subsequent oxidation reactions and to the formation of metal oxides 1 . This is especially true for the formation of thin oxide films that have been widely used as catalysts, sensors, dielectrics, and corrosion inhibitors 2 . Thus vast studies have been carried out on the O 2 adsorption and dissociation on metal surfaces. During these studies, the theoretical ab initio modeling based on the adiabatic approximation has been proved successful over a wide range for studying the adsorption and dissociation of O 2 on transition metal surfaces. By calculating the adiabatic potential energy surface (PES), it has been found that O 2 molecules will spontaneously dissociate while adsorbing at reactive transition metal surfaces like iron (Fe) 3 . For noble transition metals like gold (Au) 4 , silver (Ag) 5 , Copper (Cu) 6 , platinum (Pt) 4, 7 and Nickel (Ni) 7 , the adsorption of O 2 turns out to depend on the ambient temperature, and both atomic and molecular adsorptions have been observed. Remarkably, in all above transition metal systems, the concept of adiabatic calculation works very well in explaining and predicting a large amount of physical/chemical phenomena during dissociation process of O 2 . When the attention is focused on the nontransition metals with only sp valence electrons, an uncomfortable gap opens between ab initio prediction and experimental observation. The most notable is the long-term enigma of low initial sticking probability of thermal O 2 molecules at Al(111), which has been measured by many independent experiments 8, 9 but cannot be reproduced by adiabatic state-of-the-art density functional theory (DFT) calculations [10] [11] [12] . The central problem is that the adiabatic DFT calculations were unable to find any sizeable barriers on the adiabatic PES, which has led to speculations that nonadiabatic effects may play an important role in the oxygen dissociation process at the Al(111) surface 11, [13] [14] [15] [16] [17] [18] . Recently, we present a comparative study on the elec- Another motive for us to study the O 2 dissociation on the Pb(111) surface is that atomically uniform Pb films with thickness from several to tens of monolayers (MLs) have been successfully fabricated on both metal and semiconductor substrates 20, 21 , which can serve as an ideal prototype for experimental researchers to investigate the surface oxidation of Pb.
However, it is believed that for very thin metal films, the adsorption and dissociation of O 2 molecules becomes more complex because of the two boundaries. According to the "particlein-a-box" model, electrons confined in a uniform film are quantized into discrete energy levels along the film-normal direction, forming the so-called quantum well states. Because the elec- which reflects the theoretical deficiency for describing the local orbitals of the oxygen. We will consider this overbinding of O 2 when drawing any conclusion that may be affected by its explicit value.
III. THE ADSORPTION PROPERTIES OF O 2 ON THE PB(111) SURFACE
The geometries of ultrathin Pb(111) films are firstly relaxed before our study for the adsorption and dissociation of O 2 molecules. It is found that the surface relaxations display well-defined QSE 29 . Generally speaking, atoms at the outmost layer tend to relax inward.
In contrast, atoms at the second layer tend to relax outward. And both the contraction for the first interlayer and the expansion for the second interlayer exhibit oscillations of bilayer period, reflecting the effect of the quantum well states 25 .
We then check the reliability of our adiabatic calculations. In comparison with the Be(0001), Mg(0001) and Al(111) surfaces, Pb(111) is unique in that a parallel O 2 molecularly adsorbs only on it. This is because of the different surface electronic structures. As shown in Fig. 4 Fig. 6(b) , the σ p and π p peaks are diminished. We can also see from The electronic properties are then analyzed for the dissociation path shown in Fig. 7 (a), whose energy barrier is the smallest during the dissociation from molecular adsorption precursor states. The PDOS around the two oxygen atoms are calculated for the corresponding initial, transition and final states. As shown in Fig. 8(a) , the π After the systematic studies on the O 2 dissociation in different ways, we reveal that the most energetically favorable one is from the HH1 adsorption state into two neighboring hollow sites. It is always believed that because of the confinement of the two boundaries in the vertical direction, the quantum behavior of electrons will cause a number of unique properties for thin metal films that could be superior to their bulk counterpart. In particular, quantum size effects on surface reactivity have been studied extensively for applications in catalysis, corrosion, and gas sensing. Here we further consider the dissociation path for O 2 molecules on different Pb(111) films, including both the dissociation along the T-and B-x, y channels from O 2 gases, and the dissociation from molecular adsorption states. After systematic calculations, we find that the most energetically favorable dissociation paths are the same on different Pb(111) films, i.e. from the HH1 adsorption state to the atomic adsorption of two oxygen atoms at two neighboring hollow sites. There is a Pb atom in the second layer below the HH site to make it distinct from the FH site. 
